Twenty-two na€ ı ıve undergraduates participated in a psychophysical experiment designed to elucidate the neural events that allow us to see subtle motion differences. Half of the subjects practiced extensively on a direction-discrimination task while the other half practiced extensively on a speed-discrimination task. The stimulus conditions in the two groups were identical. The results indicated that the learning curves for direction discrimination were significantly steeper than those for speed discrimination. Additionally, the significant practice-based improvements on each motion task did not transfer to the other motion task. The different learning rates and the lack of transfer suggest that the neural events mediating speed discrimination are at least partially independent from those mediating direction discrimination, and vice versa, even under identical stimulus conditions.
Introduction
Visual perceptual learning can be defined as the increase in visual performance associated with extensive practice on a visual task. For example, it is well established that extensive practice can improve our ability to see subtle differences between two directions of motion (Ball & Sekuler, 1987; Matthews, Liu, Geesaman, & Qian, 1999; Matthews & Welch, 1997) . However, whether our ability to see subtle speed differences is similarly affected by extensive practice is not known. The present study was conducted to provide this information by comparing perceptual learning on speed discrimination and direction discrimination. More importantly, by using identical stimuli on the speed and direction discriminations, we sought to evaluate different accounts of the neural events 1 responsible for each task. In particular, the present data have some bearing on whether speed discrimination and direction discrimination are mediated by the same neural events, or by independent neural events. The existing evidence for these two possibilities will be considered in turn.
The evidence that the same neural events mediate speed discrimination and direction discrimination comes from several different lines of investigation. First, psychophysical experiments have revealed various similarities between these two motion tasks for a given stimulus manipulation. The psychophysical similarities include the finding that speed discrimination and direction discrimination covary when the stimulus speed is manipulated (De Bruyn & Orban, 1988) , or when the motion-signal strength is manipulated (Festa & Welch, 1997) , and that both tasks are unaffected by high-pass spatial filtering (Smith, Snowden, & Milne, 1994) . Psychophysical data have also indicated that, across participants, speed discrimination and direction discrimination are positively correlated even after controlling for luminance sensitivity and non-specific factors, such as motivation (Matthews, 2002) . Additionally, physiological studies have demonstrated that lesions to area MT in the macaque monkey generate impairments on both speed discrimination (Merigan, Pasternak, Ferrera, & Maunsell, 1991; Orban, Saunders, & Vandenbussche, 1995) and direction discrimination (Lauwers, Saunders, Vogels, Vandenbusshe, & Orban, 2000; Newsome & Pare, 1988) . Physiological studies have also established that the maximal firing rate of certain cells in the primate visual pathway depends neither on speed alone nor direction alone, but on particular combinations of speed and direction (Maunsell & Van Essen, 1983; Mikami, Newsome, & Wurtz, 1986; Perrone & Thiele, 2000 Rodman & Albright, 1987) . Moreover, neural computational work has suggested that a population of such cells (Maunsell & Van Essen, 1983; Mikami et al., 1986; Rodman & Albright, 1987; Perrone & Thiele, 2000 could reliably estimate stimulus velocity, i.e., the vector incorporating speed and direction of motion (Heeger, 1987) . Taken together, these psychophysical, physiological, and neural computational findings converge on the possibility that speed and direction discrimination are mediated by the same neural events.
Other studies, however, have suggested that these two motion tasks may be mediated by independent neural events. In particular, there are instances in which a given manipulation differentially affects speed and direction discrimination. For example, one can impair direction discrimination by abruptly changing the dot-density of random dot cinematograms (Watamaniuk, Grzywacz, & Yuille, 1993) , or by changing the axis-of-motion from cardinal to oblique , or by orienting one-dimensional static noise parallel to the axis-of-motion (Burr & Ross, 2002a , 2002b ; Speed discrimination is unaffected by each of these manipulations. Conversely, it has been shown that a fixed transcranial magnetic pulse can impair speed discrimination without impairing direction discrimination, even when the visual stimuli are identical on the two tasks (Matthews, Luber, Qian, & Lisanby, 2001) . Although the neural substrate of these differences (Burr & Ross, 2002a , 2002b Matthews et al., 2001; Watamaniuk et al., 1993) between speed and direction discrimination is not presently known, some physiological evidence suggests that speed and direction tuning are at least partially segregated in the primate cortex. For instance, Lagae, Raiguel, and Orban (1993) identified certain MT cells that retain their direction selectivity over a broad (i.e., 100-fold) range of speeds. Conversely, Cheng, Hasegawa, Saleem, and Tanaka (1994) found that V4 cells, which are not well tuned for direction, are speed-tuned. It is possible that such cells (Lagae et al., 1993; Cheng et al., 1994) , which respond to just one of the two motion attributes (i.e., speed or direction), could generate different limitations for speed and direction discrimination.
Predictions about perceptual learning on speed and direction discrimination depend on whether one hypothesizes that the two tasks are mediated by the same neural events, or different neural events. Specifically, to the extent that speed and direction discrimination are mediated by the same neural events, one would predict comparable learning rates on the two tasks, and transfer-of-learning between the tasks. By contrast, these predictions do not follow from an account based on separate neural events. Accordingly, in the present study we assessed these predictions. To rule out the possibility that any transfer-of-learning could be attributed to nonmotion factors, such as motivation, each subject also completed a non-motion task (i.e., luminance discrimination) on the same stimuli that were presented on the motion tasks. To summarize briefly, the results indicated that perceptual learning occurred at a significantly greater rate for direction discrimination than for speed discrimination, and there was no evidence for transferof-learning among any of the tasks. We believe these perceptual learning data provide novel evidence that speed discrimination and direction discrimination are limited by at least partially independent neural events.
Method

Stimuli and apparatus
The experiment was conducted on a 21 in. (53.34 cm) ViewSonic P225 monitor that was controlled by a Macintosh G4 computer with a 733 MHz processor and software from the psychophysics toolbox (Brainard, 1997; Pelli, 1997) . The vertical refresh rate of the monitor was 120 Hz, and the spatial resolution was 1024 Â 768 pixels. In a well-lit room, subjects viewed the monitor using a chin rest that helped to stabilize head position at 57 cm.
The stimuli were random-dot cinematograms (RDCs) that produced a compelling sense of translational motion. Each RDC consisted of dots that appeared lighter than the dark uniform surround, which had a luminance of 5.83 cd/m 2 . All dots within an RDC were presented at a single luminance, which randomly varied between 19.91 and 89.25 cd/m 2 across RDCs, thereby creating Michelson contrasts between 54.70% and 87.74%, respectively. Each dot was a 2 Â 2-pixel square (%5 0 on each side). There were 30 dots (AE16%, AE32%, AE48%, AE64%, or AE80%, randomly) per RDC, making the mean dot-density %4.24 dots/deg 2 , as the dots were presented within a circular virtual aperture having a diameter of 3 deg. Dots moving out of the aperture ''wrapped around'' to the opposite side. Subjects foveally viewed the motion stimuli, and a circular fixation dot (56.91 cd/ m 2 , 82.26% contrast) in the center of the aperture helped to stabilize eye position.
Each trial comprised two successively presented RDCs. Each RDC was shown for 200 ms (24 frames), and the inter-stimulus interval varied from 500 to 700 ms, randomly. On every trial, two new and unique RDCs were generated. The two always differed from each other in speed, and direction, and luminance. The speed, direction, and luminance differences were varied independently of each other. Since the RDCs that were presented on the speed, direction, and luminance discrimination tasks were generated from the same algorithm, there were no statistical differences in the RDCs across tasks.
The speed, direction, and luminance differences were arranged such that the mean stimulus values could not be used as the basis for accurate responses. For example, on each trial, the first speed was randomly 6, 7, 8 or 9 deg/s, while the second speed differed randomly from the first by AE8%, AE16%, AE24%, AE32%, or AE40%. Consequently, even if a subject could perfectly discern the first speed relative to the mean speed of 7.5 deg/s, there would nevertheless be a 50% chance that the second RDC would be faster (or slower) than the first. Likewise, in the absence of any information about the first speed, perfect comparisons between the second speed and the mean speed would render only chance performance. Thus, subjects were forced to base their speed judgments on information extracted from both RDCs. A conceptually similar approach was adopted for the direction differences and the luminance differences. Regarding direction differences, the first direction on each trial was randomly selected from the range AE20 deg from the horizontal (leftward or rightward randomly), and the second direction differed randomly from the first by AE3, AE6, AE9, AE12, or AE15 deg. This prevented subjects from using the mean direction as the basis for correct direction judgments.
2 Likewise, regarding luminance differences, the first luminance on each trail was randomly selected from the range 33.18 to 63.75 cd/m 2 , and the second differed randomly from the first by AE8%, AE16%, AE24%, AE32%, or AE40%, making the minimum and maximum dot luminances 19.91 and 89.25 cd/m 2 , respectively. This prevented subjects from using the mean luminance as the basis for correct brightness judgments. In short, to reliably make correct responses on each task, subjects were forced to extract information from the two RDCs presented on each trial.
3
Several non-motion cues can covary with the speed of motion. One such cue, a ''hop-size'' cue, arises when the speed difference between two RDCs is achieved solely by varying the distance of the dotsÕ frame-to-frame displacement (i.e., the hop-size). Hop-size cues were eliminated by using two different spatio-temporal configurations to generate the RDCs on each trial. Specifically, one RDC contained dots that ''hopped'' on each frame (120 Hz), and the other RDC contained dots that ''hopped'' a larger distance only once every two frames (60 Hz). This two-fold difference in the effective frame rate allows speed differences to be decorrelated from hop-size cues, so long as the speed differences are less than two-fold--which was the case in the present study. Another distance-related cue that can covary with speed is the overall traverse; For a given duration (e.g., 200 ms), a greater distance is traversed at faster speeds than at slower speeds. This distance cue can be eliminated by using limited-lifetime dots (i.e., randomly re-positioning each dot after a given number of frames), and making the mean dot lifetimes proportionately longer (or briefer) for slower (or faster) speeds. Since human subjects are more sensitive to distance cues than to time cues, it is advantageous to eliminate the distance cue and allow the time cue (i.e., mean dot lifetime) to covary with speed (McKee & Watamaniuk, 1994) . Accordingly, in one RDC, the lifetime of each dot was randomly selected from a 20-element array of lifetimes that had a mean of 10 frames. In the other RDC, the lifetime of each dot was randomly selected from a different 20-element array that had a mean proportionately longer (or briefer) for speed decrements (or increments). The dot lifetimes in each of these arrays ranged from 6 to 14 frames. A control experiment suggested that subjects were unable to use the time-cues (i.e., the difference in mean dot lifetimes) as the basis for speed judgments (see Section 3). Given those results and the controls on the hop-size and the traverse, subjects were constrained to base their speed judgments on speed differences rather than on cues that covary with speed.
Subjects and tasks
Twenty-two participants were recruited from the Denison University community. All had normal or corrected-to-normal vision.
The stimuli for all tasks are shown schematically in Fig. 1 . As mentioned in the preceding section, the same computer algorithm generated the RDCs for each task. Consequently, the speed, direction, and luminance discrimination tasks differed solely in the instructions to the subjects. Specifically, in separate trial blocks for each task, subjects indicated how the second stimulus differed from the first; ''faster'' or ''slower'' for the speed task, ''more upward'' or ''more downward'' for the direction task, and ''brighter'' or ''dimmer'' for the luminance task. Subjects responded via a button-press, using one right-hand finger for stimulus increments (i.e., ''faster'', ''more upward'', ''brighter''), and a different right-hand finger for stimulus decrements (i.e., ''slower'', ''more downward'', ''dimmer''). The same two right-hand fingers were used across tasks. Subjects were informed that stimulus increments and decrements would occur with equal probability, and that the accuracy (rather than the quickness) of their responses was of paramount importance. To promote accuracy, subjects were encouraged to set their own pace throughout each block, initiating each trial with a left-hand button-press when ready.
The instructions for the direction task, which required participants to judge whether the second direction was more upward or downward than the first, were designed to eliminate a potentially confounding nonmotion cue, namely, orientation. Consider a trial on which the second motion trajectory has an orientation that is 3 deg clockwise from the first. If the horizontal component of the motion were from left to right, the correct directional judgment on our task would be ''more downward''. By contrast, if the horizontal component of the motion were from right to left, the correct directional judgment on our task would now be ''more upward''. Note that although the orientation difference has been held constant (3 deg clockwise), the directional difference has changed (from more downward to more upward). Accordingly, a direction-blind participant with perfect knowledge about orientation (from the trajectories, or the monitorÕs boundaries, or any other source) would not be able to reliably make correct direction judgments. Indeed, an orientation-sensitive-but-direction-blind participant would perform only at chance levels on our direction task. Consequently, our empirical finding that performance on the direction task was always well above chance (see Sections 2.3 and 3) is not consistent with the possibility that participants used an orientation-based, direction-blind strategy.
Initial screening
We sought to establish that the learning in our experiment would be perceptual, rather than conceptual. Accordingly, prior to extensive perceptual training, an initial screening session was conducted to ensure that each subject understood each task, i.e., could perform each task at greater-than-chance levels. 4 The screening session comprised a demonstration phase, practice trials, and threshold estimation. Each of these will be described in turn.
In the demonstration phase, each trial began with a computer-generated voice announcing the correct response before the stimuli were presented. For example, on the speed-discrimination task, the computer-generated voice would announce ''The correct answer will be, faster'' prior to a trial on which the second stimulus was faster than the first. The difference between the first and second stimuli on each demonstration trial was always the greatest difference from the array of differences that would be tested during actual trials (i.e., AE40% in speed, AE15 deg in direction, AE40% in luminance). Typically, 5-15 demonstration trials were completed before a subject proceeded to the practice trials.
Practice trials were identical to demonstration trials in all aspects, except that the correct response was not announced before each practice trial. During the practice-trial phase, each subject was required to make 10 consecutive correct responses. This performance level, which could occur by chance less than one time in a thousand, ensured that each subject understood each task before proceeding to threshold estimation.
Thresholds were estimated using the method of constant stimuli and were based, for each subject and task, on two 100-trial blocks. Specifically, each trial block comprised 10 randomly ordered presentations of each of the 10 stimulus-difference values (see details in Section 2.1). The 10 stimulus difference values were plotted on Fig. 1 . Schematic of stimuli presented on the speed, direction, and luminance discrimination tasks--two RDCs were shown on each trial. The second RDC always differed from the first in speed, and direction, and luminance. These three attributes were varied independently of each other within each trial block. Across trial blocks, the stimuli were held constant while the task varied from judging the speed (ÔfasterÕ/ ÕslowerÕ), or the direction (Ômore upwardÕ/Ômore downwardÕ) or the luminance (ÔbrighterÕ/ÔdimmerÕ) of the second RDC relative to the first. In the example shown here, the correct responses would be ÔfasterÕ, Ômore downwardÕ, and ÔdimmerÕ on the speed, direction, and luminance tasks, respectively. the abscissa of a psychometric function, while the ordinate reflected the proportion of increment responses (i.e., ''faster'', or ''more upward'', or ''brighter''). A least-squares procedure was then used to fit the data with a sigmoid of the form 1=ð1 þ exp½ÀKðX À X o ÞÞ where K and X o determine the slope and midpoint of the sigmoid, respectively. The correlation between the bestfitting sigmoid and the data, as indexed by the Pearson correlation coefficient (r), was statistically significant (p < 0:05) in each case. Because each fit was significant, it was possible to fairly interpolate from the sigmoid each observerÕs 70% discrimination threshold, which was defined as half the stimulus change required to alter the response rate from 0.30 to 0.70. Mean discrimination thresholds on the speed, direction, and luminance tasks were 10.73% (AE1.10 SE), 4.60 deg (AE0.58 SE), and 12.59% (AE1.15 SE), respectively. These discrimination thresholds are in good quantitative agreement with those from a previous study that used similar stimuli and a different group of na€ ı ıve subjects (Matthews, 2002) .
Training paradigm
After completing the initial screening, subjects proceeded to our training paradigm, which comprised seven 1-h daily sessions. The seven sessions consisted of a baseline session (day 1), five training sessions (days 2-6), and a transfer-of-learning session (day 7). Each will be described in turn.
In the baseline session (day 1), each subject completed two 100-trial blocks on each of the three tasks. The speed, direction, and luminance differences that were presented on every trial were set to the subjectÕs 70% discrimination threshold, as measured on each task during the initial screening. Occasionally, a subjectÕs two-block average in the baseline session exceeded 80%, or was below 60%. In these cases, we adjusted the stimulus-difference value to better approximate the desired 70% performance level (d 0 ¼ 0:52). 5 In this way, we eliminated the floor and ceiling effects that would have reduced the potential for perceptual learning.
In the first training session (i.e., day 2), each subject was assigned to either speed training or direction training, according to a block-randomization procedure. Subjects practiced only their assigned task through the five training sessions (days 2-6). Each training session comprised six 100-trial blocks, and the percentage of correct responses was reported to the subject immediately after each block. Also, discriminability (d 0 ) was calculated for each block, and the average of the six blocks was recorded for each subject on each day.
The transfer-of-learning session (day 7) was virtually identical to the baseline session (day 1). The only exception was that, in the transfer-of-learning session, we also conducted a 100-trial control block that measured each subjectÕs sensitivity to the time differences (i.e., differences in dot lifetimes) available on the speed-discrimination task (see Section 2.1). Specifically, RDCs in the time-discrimination control condition comprised stationary dots with lifetimes identical to those of the moving dots presented on the speed-discrimination task, i.e., proportionately longer (or briefer) for slower (or faster) speeds. The difference in dot lifetimes between the two RDCs on each trial generated different flicker rates. The subjectsÕ task in the control condition was to indicate whether the flicker rate of the second RDC was ''faster'' or ''slower'' than that of the first. If the subject had been using these time differences on the speeddiscrimination task, one would expect comparable precision on the control condition and the speeddiscrimination task.
Data analysis
It has been shown that perceptual learning on direction discrimination is well described by a power function (Matthews & Welch, 1997) . Accordingly, for each subject in the present study, we fit a power function to the data obtained on the training task across the seven daily sessions. The criterion for determining whether the subject demonstrated significant learning was that the Pearson correlation coefficient (r) relating the best-fitting power function to the data had to meet or exceed 0.75, p < 0:05.
To determine whether the two tasks generated different learning curves, we planned (a priori) a statistical comparison between the slopes (i.e., the exponents of the power functions) of the direction-trainees and the speedtrainees. To assess transfer-of learning within each group, we planned (a priori) a pre-training versus posttraining statistical comparison for each of the three tasks. Subjects who failed to show significant learning on their training task were excluded from that analysis, as mixing learners with non-learners would likely mask any transfer-of-learning effects.
Results
The data from the initial screening session are shown in Fig. 2 , where there are separate plots for the speed, direction, and luminance discrimination tasks. Two characteristics of the data should be noted. First, it is 5 To compute discriminability (d 0 ), hits and false alarms were operationally defined as increment responses (''faster'', ''more upward'', ''brighter'') to increment stimuli and decrement stimuli, respectively.
clear from visual inspection that the proportion of increment (i.e., ''faster'', ''upward'', ''brighter'') responses increased in an orderly manner as the stimulus differences changed from large negative values to large positive values. The orderliness of the data implies that our na€ ı ıve subjects understood the task, and that their limitations were perceptual rather than conceptual. Second, on each task, the performance of subjects assigned to the direction-training condition (solid squares and solid line) was comparable to that of subjects assigned to the speed-training condition (open circles and dotted line). Ensuring that subjects understood the task and that the direction-trainees and speed-trainees initially performed equally was necessary to fairly compare the learning rates from the two groups.
The comparison of learning rates is shown in Fig. 3 . The most striking feature of the figure is that the mean discriminability (d 0 ) of the 11 direction-trainees (solid squares and solid line) grew markedly, while that of the 11 speed-trainees (open circles and dotted line) remained relatively flat. Indeed, after determining the best-fitting power function for each subject, we found that the slopes from the direction-trainees significantly exceeded those from the speed-trainees (F ð1; 20Þ ¼ 9:581, p ¼ 0:006). Since the performance of each group on the first daily session approximated 70% discrimination (d 0 ¼ 0:52), neither floor nor ceiling effects can account for the significantly lower learning rate of the speedtrainees.
The two groups also differed with respect to the number of trainees who demonstrated significant learning. Specifically, 8 of the 11 direction-trainees produced learning curves with slopes significantly greater than zero, while the remaining three produced slopes that were non-significantly positive. By contrast, of the 11 speed-trainees, only four produced learning curves with slopes significantly greater than zero, two Fig. 3 . Learning curves for speed and direction discrimination (all subjects). Mean discriminability (d 0 ) of the 11 direction-trainees (solid squares and solid curves) and the 11 speed-trainees (open circles and dotted curves) is plotted for each daily session. The error bars here, and in all remaining figures, reflect one standard error of the mean after consistent individual differences were removed (Loftus, 1993) . For each group, the equation for the best-fitting power function and proportion of variance explained (r 2 ) are shown. The slope of the direction curve is clearly steeper than that of the speed curve. Fig. 2 . Psychometric functions from the initial screening session. The left, center and right panels show data from the speed, direction, and luminance tasks respectively. The ordinate of each panel indicates the proportion of increment responses (ÔfasterÕ, ÔupwardÕ, or ÔbrighterÕ) and the abscissa indicates the changes in the stimuli. Each datum represents the mean of 2200 judgments (11 subjects per condition Â 2 blocks per subject Â 100 trials per block). The error bars reflect one standard error of the mean. The data from the 11 subjects assigned to the direction task (solid squares and solid curves) overlap with those of the 11 subjects assigned to the speed task (open circles and dotted curves). This indicates that, on each task, initial performance was comparable in the two groups.
produced non-significantly positive learning curves, and five showed declines in discriminability (d 0 ) across the daily sessions. Interestingly, there also were task-specific tendencies even among those trainees who demonstrated significant learning. In particular, although an ANOVA indicated that the slopes of the eight significant direction-learners did not differ statistically from those of the four significant speed-learners, there was a tendency for steeper slopes among the direction-learners. This can be seen in Fig. 4 , where the difference in slope is evident despite virtually identical discriminability (d 0 ) on the first daily session. Taken together, the data in Figs. 3 and 4 suggest that substantially more learning occurred on direction discrimination than on speed discrimination.
We next assessed transfer-of-learning. Since transferof-learning would not be likely from subjects who failed to demonstrate learning on their training task, our analysis included only those trainees who demonstrated significant learning. Mean pre-training (black columns) and post-training (white columns) discriminability (d 0 ) for the eight direction-learners is shown in Fig. 5 . Despite the fact that the stimuli were identical across all conditions in the figure, it is clear from visual inspection that post-training performance exceeded pre-training performance only on the trained task, i.e., direction discrimination. ANOVAs confirmed that the difference between pre-and post-training discriminability (d 0 ) for these subjects was significant on the direction task (F ð1; 7Þ ¼ 25:021, p ¼ 0:002), and non-significant on the speed and luminance tasks. In fact, of the eight direction-learners, four showed post-training declines in speed discrimination, and four showed post-training declines in luminance discrimination. These data indicate that the learning was task-specific.
Further evidence for task-specific learning can be seen in Fig. 6 (conventions are the same as in Fig. 5) , where the mean pre-and post-training discriminability (d 0 ) is plotted for the four speed-trainees who demonstrated significant learning. Again, despite the fact that the stimuli were identical across all conditions in the figure, it is clear from visual inspection that post-training performance exceeded pre-training performance only on the trained task, i.e., speed discrimination. ANOVAs confirmed that the difference between pre-and posttraining discriminability (d 0 ) for these subjects was significant on the speed task (F ð1; 3Þ ¼ 73:392, p ¼ 0:003), and non-significant on the direction and luminance ) for the trainees who showed significant learning is plotted for each daily session (conventions are the same as in Fig. 3 ). Although the difference in slopes here is not as distinct as in Fig. 3 , the direction curve is still clearly steeper than the speed curve. tasks. In fact, of the four speed-learners, two showed post-training declines in direction discrimination, and two showed post-training declines in luminance discrimination. Taken together, the data in Figs. 5 and 6 provide little evidence for transfer-of-learning, and suggest instead that the learning was task-specific. As we mentioned above, one would not expect transfer-of-training from participants who failed to show practice-based improvements on the trained task. In principle however, such transfer is possible, and would be consistent with the hypothesis that the speed and direction tasks are mediated by shared neural events. To explore this possibility, we considered the data shown in Table 1 . Visual inspection of the data from the non-trained tasks indicates that the posttraining means never exceeded the pre-training means. Therefore, like the learners, the non-learners failed to show transfer-of-training.
Finally, as noted in Section 2, a time-discrimination control condition was necessary to establish that subjects had based their speed judgments on speed, and not the co-varying time differences (i.e., dot-lifetime differences) available in the stimulus. Time discriminability in the control condition was measured on the final daily session, and compared to speed discriminability from that session. We found that for each of the 22 subjects, time discriminability (mean d 0 ¼ 0:18, AE0.02 SE) was worse than speed discriminability (mean d 0 ¼ 0:60, AE0.02 SE), and that this difference was statistically significant (F ð1; 21Þ ¼ 120:8, p < 0:0001). The comparatively poor precision with which subjects judged time differences in the control condition would not have been sufficient to sustain the much greater precision with which speed differences were judged on the speed-discrimination task. This finding, coupled with the fact that the traverse of the slower-moving dots equaled that of the faster-moving dots (see Section 2), implies that subjects based their speed judgments on speed, not distance or time.
Discussion
This psychophysical study was designed to elucidate the neural events that mediate speed discrimination and direction discrimination. One group of 11 na€ ı ıve subjects extensively trained on a speed discrimination task, while another group of 11 na€ ı ıve subjects completed the same training regimen on a direction-discrimination task. The stimulus conditions and initial discriminability (d 0 ) were also held constant across the tasks. There were two main findings. First, the learning curves for direction discrimination were significantly steeper than those for speed discrimination. Second, a comparison of pre-and post-training performance indicated that the perceptual learning was task-specific; significant practicebased improvements in direction discrimination did not transfer to speed discrimination, and significant practice-based improvements in speed discrimination did not The pre-and post-training discriminability (d 0 ) means on all tasks are shown for the participants who failed to demonstrate significant improvement on their trained task. Neither the speed-trainees (top row) nor the direction trainees (bottom row) showed transfer-of-training to any non-trained task.
transfer to direction discrimination. 6 Below we consider what the present findings imply about the neural events mediating these two motion tasks.
The finding that the learning curves for direction discrimination were significantly steeper than those for speed discrimination is difficult to reconcile with the possibility that the two tasks are mediated by the same neural events. The lack of evidence for transfer-oflearning is also contrary to what would be expected if the same neural events mediated the two tasks. However, we note that the lack of transfer from speed discrimination to direction discrimination could be because the practice-based improvements on speed discrimination were modest, even among subjects who met the criterion for significant learning. Additionally, it is possible that training on either of the present tasks created a type of learning not detectable by our paradigm. In particular, Liu (1999) and Liu and Weinshall (2000) have shown that training on one task can alter the rate at which a second task is learned. We cannot rule out this possibility, since the present paradigm involved measuring learning rates only on the training task. Nevertheless, we emphasize that no transfer-oflearning was found in our pre-versus post-training tests, and one would expect such tests to reveal at least partial transfer if the same neural events were mediating the two tasks. That fact coupled with the difference in learning rates renders the present findings consistent with previous studies that have reported differences between speed and direction discrimination (Burr & Ross, 2002a , 2002b Matthews et al., 2001; Watamaniuk et al., 1993) .
A previous perceptual-learning study by Shiu and Pashler (1992) is conceptually similar to the present study. In that study (Shiu & Pashler, 1992) , participants made either brightness judgments or orientation judgments about line stimuli that differed from each other both in luminance and orientation. Those results, like the present results, indicated that the perceptual learning was task-specific, rather than stimulus-specific; Practice on the brightness task did not improve performance on the orientation task, even though the same stimuli were used on both tasks. Although neither that study (Shiu & Pashler, 1992) nor the present study can identify the specific neural change(s) underlying the practice-based improvements, we now consider two possible neural correlates of perceptual learning.
On the one hand, perceptual learning could reflect changes in the tuning curves of individual neurons. For example, perceptual learning on orientation discrimination has been correlated with changes in the slope of neuronal tuning curves, and such changes are specific to the neurons most likely to code the trained orientation (Schoups, Vogels, Qian, & Orban, 2001) . Alternatively, perceptual learning could arise from changes in the weights between various neural populations that contribute to a participantÕs decision, without assuming any retuning of individual neurons (Dosher & Lu, 1998) . Evidence that various neural populations become differentially active in a task-specific manner comes from a recent fMRI study on human participants who viewed linearly moving dots superimposed on radially moving dots (Watanabe et al., 1998) . At all times the stimuli were constant, while the task required the participants respond to the linear motion, or the radial motion, or to passively view the stimuli. Relative to the passive viewing condition, activity increased significantly in areas V1 and MT+ when participants attended linear motion, yet the increase was limited to area MT+ when participants attended radial motion. Watanabe et al.Õs (1998) study, therefore, demonstrates that different neural populations can be become active when the motion task is varied under constant stimulation, although that study did not assess the neural events responsible for speed and direction discrimination.
The neural events responsible for speed and direction discrimination have been the specific focus of several other imaging studies. Those studies, however, unlike the present study, either addressed speed discrimination (Corbetta, Miezen, Dobmeyer, Shulman, & Petersen, 1990; Orban et al., 1998) or direction discrimination (Cornette et al., 1998) separately, or investigated both discriminations but under very different stimulus conditions (Huk & Heeger, 2000) . Future imaging studies that investigate these two motion tasks within subjects and under identical stimulus conditions, might localize neural events that distinguish speed discrimination from direction discrimination. In principle, though, some neural events that distinguish speed discrimination from direction discrimination could be, indistinguishable to neuroimaging techniques. That is, even given identical stimulus conditions and stimulus-driven neural responses, speed discrimination and direction discrimination could be limited by task-specific pooling strategies performed on the same set of same hemo-dynamic events. If this were the case, then imaging studies would fail to reveal the dissociation between speed and direction discrimination that has been suggested by the present psychophysical data.
